Label-free detection of biomolecules has attracted great attention in a lot of life science fields such as genomics, clinical diagnosis, and practical pharmacy. In recent years, for early detection and medical treatment of serious disease, hand-held biosensors for home medical care systems have been intensely developed. In this article we review label-free biosensors based on nanomaterial transistors in which silicon nanowires, carbon nanotubes, and graphene are used as channels. Such nanomaterial-based transistors have high potential for fabrication of label-free biological sensors with high sensitivity. In this review we introduce the detection mechanism of biomolecules using transistors, and show that an electrical double layer in a solution acts as a thin insulator with dielectric constant in transistor-based biosensors. Moreover, we discuss the effect of the electrical double layers in a solution on sensitivity of nanomaterial transistor-based biosensors using the example of label-free electrical detection of biomolecules and fabrication technology of biosensors based on nanomaterial transistors.
Introduction
Over the past decade, highly sensitive detection of biological or chemical molecules has attracted much attention for various applications, including clinical diagnostics, environmental testing, food analysis, and bioterrorism detection technologies. [1] [2] [3] [4] [5] [6] In recent years the development of hand-held biosensors for home medical care systems has been strongly required for effective early detection and medical treatment of serious disease. Currently, detection of biological molecules generally depends on optical methods with a fluorescent material, such as enzyme-linked immunosorbent assay. Although these methods have high sensitivity and selectivity, they need expensive apparatus and highly professional knowledge and techniques for the labeling process. To realize hand-held biosensors for home medical care systems, label-free electrical detection of chemical and biological species is worthy of notice because it is simpler and less expensive, requires less energy than conventional methods, and can be applied to miniaturization of biosensors.
Several types of label-free electrical biosensors have been developed, such as amperometric biosensors, electrochemical impedance biosensors, and field-effect transistor (FET)-based biosensors. In electrochemical amperometric sensing, current is monitored between working and counter electrodes when electroactive biomolecules in a solution are oxidized or reduced. 7, 8 As a result, biomolecules can be detected using amperometric biosensors. On the other hand, for impedance biosensors, solution 2 Maehashi et al impedance at interfaces is measured using a different frequency. 9, 10 When target molecules are bound to receptors, the impedance will be changed.
In this article we review label-free potentiometric biosensors based on nanomaterials such as silicon (Si) nanowires, carbon nanotubes (CNTs), and graphene. As compared with three-dimensional Si FETs, lowdimensional nanomaterial FETs are expected for fabricating highly sensitive biological sensors. In this review we focus on the detection mechanism of target molecules, discuss the effect of electrical double layers in a solution, and show that the Debye length affects the sensitivity of the sensors. Then, we introduce structures and fabrication techniques of label-free electrical biosensors based on nanomaterial FETs.
Detection mechanism of biomolecules using FETs
In general, three types of electrodes are utilized for FET-based sensing: source, drain, and gate electrodes. A semiconducting channel such as nanowires, CNTs, and graphene is bridged between the source and drain electrodes. A reference electrode such as silver (Ag)/silver chloride (AgCl) is used as the gate electrode to minimize environmental effects in a solution. 11 For specific sensing of target molecules, the channel is functionalized with receptors that comprise any organic or inorganic material. For example, an antibody (receptor) is reacted to an antigen (target). The FET works as a transducer and the chemical information of target molecules can be converted to electrical signals. Figure 1A shows a simple detection mechanism for biomolecules using an FET that has a p-type characteristic. After target biomolecules are bound to receptors on the channel, the band of the channel is modulated. When the target molecules have negative charges in a solution, holes accumulate in the channel, resulting in an increase in the source-drain current. On the other hand, when positively charged molecules react to the receptors, the hole density in the channel is depleted. As a result, a reduction in source-drain current is observed. Therefore, FETs work as transducers and electrically detect biomolecules. In threedimensional Si FETs, adsorption of biomolecules induces modulation of a band at only a thin region near the channel surface. In contrast, accumulation or depletion of carriers for entire regions of nanomaterial channels occurs for lowdimensional nanomaterial FETs after target molecules are bound on the surface. For this reason, the nanomaterial FETs are expected for fabricating highly sensitive biological sensors.
Kim et al 12 reported detection of prostate-specific antigen (PSA) using n-type Si nanowire FETs ( Figure 1B ). They used two kinds of buffer solutions at pH 6.0 and 7.8. As the isoelectric point (pI) of PSA is 6.9, PSA has positive and negative charges in the buffer solutions at pH 6.0 and 7.8, respectively. The time dependence of the conductance exhibited the decrease and increase in the conductance of the Si nanowire FETs in the buffer solutions at pH 7.8 and 6.0 after introduction of PSA ( Figure 1B) , respectively. For graphene FETs, bovine serum albumin (BSA) was detected in buffer solutions at pH 4.0 and 6.8 ( Figure 1C ). 13 The graphene FETs have ambipolar characteristics. 14 The measurements were carried out in the p-type characteristic region. Owing to the pI (5.6) of BSA, in the buffer solution at pH 6.8 the drain current increased after injection of the BSA. On the other hand, the drain current decreased for the buffer solution at pH 4.0. Thus, nanomaterial-based FETs can detect both positive and negative charges of biomolecules.
Electrical double layer
Typical Si FETs act in the atmosphere, and their performance depends on the variety and thickness of the gate insulators. In contrast, FET-based biosensors work in a solution, and the electrical double layer is an important factor that affects the sensing performance ( Figure 2A ). It was reported that the comparison of transfer characteristics in the graphene FET against back gate voltage in vacuum and electrolyte gate voltage in an electrolyte was demonstrated. 15 The device has a silicon dioxide (SiO 2 ) (∼280 nm) layer and operates in a solution of phosphate buffer solution (PBS) (10 mM). The measurements revealed that the device has an ambipolar characteristic in a vacuum (red line) or in an electrolyte (blue line) and that the transconductance of the electrolytegated graphene FET is more than 100-fold larger than that of the back-gated graphene FET in vacuum ( Figure 2B and C). Thus, this result is because the electrical double layer is formed on the graphene channel and the layer acts as a thin insulator with dielectric constant after applying the gate voltage through the reference electrode ( Figure 2A ).
The thickness of the electrical double layer is described as the Debye length. 16 That is simply defined as the distance from the channel surface. After binding events occur, excess charges inside the Debye length of a solution can affect a modulation of the band structure in the channel (Figure 2A ). As a result, changes in the drain current can be monitored. However, if target molecules react to receptors outside the electrical double layer, the excess charges are screened by ions of the buffer solution, resulting in little changes in the drain current. The Debye length (λ D ) in a Notes: (A) Detection mechanism for biomolecules using field-effect transistors that have p-type characteristics. When the target molecules have negative charges, the source-drain current increases. On the other hand, when positively charged molecules react to the receptors, a reduction in source-drain current is observed. (B) Detection of prostate-specific antigen (PSA) using n-type silicon (Si) nanowire FETs in buffer solutions at pH 7.8 (left side) and 6.0 (right side). 13 solution can be approximately calculated using an equation given by:
where I is the ionic strength of a buffer solution. Typical sizes of antibody and antigen vary 10-15 nm and 5-10 nm, respectively. 17, 18 For this reason, to detect the antigen-antibody reaction, a Debye length of more than 15-25 nm is required. As shown in Equation on sensitivity for receptor-ligand reactions. They utilized biotin and streptavidin for recognition, and functionalized Si nanowire-based FETs with biotin molecules. After introduction of 10 nM streptavidin in 1× PBS, no change in the drain current was obtained. This is because most of streptavidin's intrinsic charge was screened by the solution (λ D ∼ 0.7 nm). When 0.1× PBS was used (λ D ∼ 2.3 nm), the charge was partially screened. In 0.01× PBS (λ D ∼ 7.3 nm), adding 10 nM of streptavidin resulted in a largely increased drain current. The majority of charge was unscreened in the solution, and the charge effectively modulated the band structure of the Si nanowire channel. The results indicate that the concentration of buffer solution is the indispensable factor for FET-based biosensors, and that the Debye length significantly affects the sensitivity of the sensors. Some groups used buffer solution with significantly low concentration. 12, [20] [21] [22] Zheng et al 20 demonstrated multiplexed electrical detection of cancer markers with Si nanowire-based sensor arrays ( Figure 3A ). The buffer solution was 1 µM phosphate containing 2 µM potassium chloride (KCl) at a pH of 7.4. The Debye length of the buffer solution was estimated to be more than 100 nm. To monitor three kinds of biomarkers, PSA, carcinoembryonic antigen (CEA), and mucin-1, the different Si nanowires were functionalized with antibodies for PSA, CEA, and mucin-1, respectively. The time dependences of the conductance in Si nanowire-based sensors were carried out after introduction of PSA, CEA, and mucin-1 in succession, resulting in multiplexed cancer marker detection with high sensitivity using the Si nanowirebased FETs. Moreover, it has been reported that real-time electrical detection of a single virus was demonstrated using Si nanowire-based FETs that were modified with antihemagglutinin for influenza A (Figure 3B ). 21 The virus is significantly larger than protein; thus, the experiments were carried out in 10 µM PBS containing 10 µM KCl at a pH of 6.0 to obtain the long Debye antibody, the conductance sharply decreased owing to the negative charge of the virus, and when the virus unbound, the conductance returned to the baseline. The optical images using fluorescently labeled viruses supported the electrical measurements. However, for practical uses, it is impossible to dilute only buffer solution, because body fluids such as blood, urine, and saliva contain a large amount of salts.
To overcome these issues, some researchers utilized receptors smaller than antibodies. The smaller receptors will combine with target molecules inside the Debye length. One of the most promising candidates is aptamers. [23] [24] [25] [26] They are artificial oligonucleic acid and bind to specific various target molecules such as lysozyme, thrombin, immunoglobulin (Ig)E, and PSA. Moreover, aptamers can be created in vitro. Hence, they are less expensive than antibodies but are very stable even at room temperature. The height of aptamers is approximately 2∼3 nm. So et al 27 utilized deoxyribonucleic (DNA) aptamers as molecular recognition elements. Thrombin aptamers were immobilized on to single-walled carbon nanotubes (SWNTs) to detect thrombin. The decreases in conductance of CNTFETs were observed after thrombin solution was added, and thrombin concentration dependence was measured from 10 nM to 300 nM. For detection of IgE, IgE aptamers were anchored on to the SWNT or graphene channel using 1-pyrenebutanoic acid succinimidyl ester. 28, 29 The real-time measurements show that IgE in the range of 250 pM to 160 nM was effectively detected using CNTFETs and that the adsorption of IgE on to aptamers on SWNT channels follows the Langmuir adsorption isotherm ( Figure 4A ). 30 The estimation of the dissociation constant results in a good affinity between IgE molecules and aptamers. 31 The other candidate is antigen-binding fragment (Fab). 32, 33 As described, aptamers are useful receptors; however, they have not been created for many target molecules, such as cancer markers. On the other hand, Fab is a binding site of an antibody that can be created using enzyme papain in the laboratory ( Figure 4B ). 13 Thus, Fab recognizes a specific antigen and is developed for detection of target molecules. The size of Fab is approximately 3∼5 nm. For this reason, binding events between Fab and target molecules occur within the electrical double layer in a buffer solution, and target molecules are expected to be detected with high sensitivity. Kim et al 34 fabricated CNTFET-based biosensors that were functionalized with Fab for antigen-antibody reaction. They have reported that IgG was detected using Fab with higher sensitivity than using whole antibody. Okamoto et al 13 have fabricated Fab-modified graphene FETs, and heat-shock proteins (HSPs) of the target biomolecules were detected ( Figure 4B ). The HSP concentration dependence showed that Fab and HSP have high affinity.
Micro total analysis systems
To perform real-time sensing of biomolecules based on nanomaterial transistors, target molecules are delivered into a vessel that is set on the transistors. The target molecules can be reacted to receptors that are functionalized with Electrical double layers in the development of label-free biosensors nanomaterial channels. A simple method is to use a cell or a container. 28, [35] [36] [37] [38] This cell or container is commonly made of Si rubber or Teflon and is directly placed on transistors. Solutions containing target molecules are dropped into the cell, and the molecules diffuse and reach receptors.
On the other hand, to realize hand-held biosensors based on FETs for home medical care systems, nanomaterial transistors are necessary to be integrated in a micro total analysis system (µTAS) in which several microdevices are integrated to perform diverse functions such as pretreatment, reaction, and detection. [39] [40] [41] A simple µTAS has microfluidic channels on sensing devices. Microfluidic systems need only micro-or nanoliter volumes of reagents in the microchannels, which allows rapid detection at low experimental cost. Microfluidic systems are usually made of poly(dimethylsiloxane) and are placed on nanomaterial-based sensor devices. 42, 43 The fluid flow velocity in the microchannel can be controlled by pumping systems. Tsujita et al 44, 45 fabricated microfluidic chips containing CNT-based sensors and pneumatic micropumps. Using integrated pneumatic micropumps, several reagents can be respectively introduced to arrayed sensors. As a result, several kinds of receptors can be automatically immobilized on to different CNTs, and simultaneous detection of several kinds of biomolecules can be performed. Recently, Chang et al 46 demonstrated biomarker detection from human whole blood collected by a finger prick. They used polycarbonate membranes, and almost all blood cells and macroscopic impurities in whole blood were successfully removed. Thus, cancer biomarkers were effectively detected. These systems are indispensable techniques for hand-held biosensors in home medical care systems.
Si nanowire-based biosensors
In this section we introduce fabrication techniques of labelfree Si nanowire-based biosensors. As Si nanowires are 10∼100 nm in diameter, they have a higher aspect ratio than conventional Si FETs. As a result, adsorption of biomolecules induces accumulation or depletion of carriers for entire regions of Si nanowires. Moreover, processes for fabrication of Si nanowire FETs are applicable to the conventional Si FET fabrication processes.
In general, Si nanowires can be created using two methods. One method is using bottom-up technology: ie, growth of Si nanowires using a metal catalyst by vapor-liquid-solid method ( Figure 5A) . The Si nanowires are scattered on SiO 2 /Si substrates. After formation of electrodes on the substrates, Si nanowire-based FETs can be fabricated. 47 The method is suitable for creation of high-quality Si nanowires; however, it has disadvantages for controlling the length, diameter, and position of Si nanowires. The other method is top-down technology using Si on insulator substrates. Si nanowire channels can be formed by etching the Si layer on the insulator. The technology can fabricate position-controlled Si nanowires with the required length and diameter. Thus, the method is a promising candidate for large-scale mass production because complementary metal oxide semiconductor fabrication process can be applicable to the method. Si nanowires were formed using reactive ion etching, resulting in degraded device performance. 48 To obtain high-quality Si nanowires by top-down technology, Stern et al 36 have reported fabrication of Si nanowires without mobility degradation using ultrathin Si on insulator substrates and an anisotropic wet etching process ( Figure 5B ). They have detected mouse IgG and mouse IgA with 100 fM for antimouse IgG-and IgAfunctionalized sensors based on complementary metal oxide semiconductor-compatible Si nanowires, respectively.
Typical fabricated Si nanowires are covered with Si oxide layers. Receptors such as antibodies are immobilized on the Si oxide surfaces. Two types of linkers are commonly used to bind the Si oxide surfaces to receptors. One is 3-(trimethoxysilyl) propyl aldehyde, which forms aldehyde groups to covalently immobilize receptors. [20] [21] [22] The other is 3-aminopropyltriethoxysilane (APTES), which provides surfaces with amino groups. APTES was used to immobilize antibody or DNA probes. 12, 19 
Nanocarbon-based biosensors
In the past decade, chemical and biological sensors based on nanocarbon materials, such as CNTs and graphene, have attracted considerable attention owing to their nanometer size and highly specific surface area. As compared with Si-based sensors, CNT and graphene FETs will operate in a solution without any insulators on channels, because CNTs and graphene have high potential window and chemical stability in solution. Furthermore, every atom in an SWNT or monolayer graphene is located on the surface. Thus, recognition events are expected to directly occur on the surface, leading to extreme sensitivity to the surrounding environments. chiral indices. 49 Depending on the nanotube symmetry and diameter, two-thirds of (n, m) classes of SWNTs are expected to be semiconducting; the other being metallic. When semiconducting SWNTs are used as channels, CNTFETs can be fabricated. 50, 51 There are two classical types for the structures of CNT-FETs. In the first type, one or a few SWNTs are bridged between source and drain electrodes to obtain high mobility and on/off ratio. For fabricating the device, positioncontrolled growth is commonly utilized ( Figure 6A ). 52, 53 First, a patterned catalyst is formed by a photolithography and liftoff process on heavily doped Si substrates covered with an SiO 2 layer. SWNTs are grown by chemical vapor deposition (CVD). Source and drain electrodes are fabricated on the patterned catalyst. In air, the CNTFETs show p-type characteristics. The second type is to use a random network of SWNTs. As the random network configuration consists of both metallic and semiconducting SWNTs, the density of SWNTs and the length between source and drain electrodes are necessarily controlled. This method is useful for mass production because larger drain currents and higher uniformity of electrical properties are easy obtained. Many groups Nanobiosensors in Disease Diagnosis downloaded from https://www.dovepress.com/ by 54.70.40.11 on 22-Dec-2018 For personal use only. Electrical double layers in the development of label-free biosensors have utilized network SWNTs as FETs channels for biosensing ( Figure 6B ). 35, [54] [55] [56] [57] In recent years, controlled growth of SWNTs by surface-guided growth on single crystalline substrates such as quartz or sapphire has attracted much attention. 58, 59 Okuda et al 60 reported electrolyte-gated sensors based on an FET consisting of horizontally aligned SWNTs synthesized on single crystal quartz ( Figure 6C ).
For selective detection of biomolecules, receptors are required to be immobilized on SWNT channels. Selecting appropriate molecules that link SWNT channels to receptors is indispensable. If the molecules induce defects into the SWNT channels, performance of the devices will be degraded. One of the suitable molecules is 1-pyrenebutanoic acid succinimidyl ester, which is used as a bifunctional linker. 61 The pyrenyl group of the linker strongly interacts with the six-membered rings of SWNTs via π-stacking. As a result, the linker can be noncovalently functionalized with SWNTs without degradation of the device performance. The succinimidyl ester of the linker, which is anchored on to SWNTs, reacts with the amino groups of receptors to form amide bonds for functionalization. Li et al 35 The graphene was synthesized by chemical vapor deposition. 84 
Graphene
Graphene has atomic layers of carbon atoms tightly packed into a two-dimensional honeycomb lattice. 62 It has been known for its excellent characteristics, such as mechanical and electronic properties. [63] [64] [65] The extraordinary properties of grapheme, such as high carrier mobility, have tremendous potential in its application. 66, 67 When monolayer graphene with high quality is incorporated as a channel of FETs, high carrier mobility will be expected. Thus, a change in tiny charges owing to adsorption or desorption of analyte on the graphene channel in a solution will be detected as a large change in the conductance of the device. 68 Therefore, graphene FETs will be used as electric readout biological or chemical sensors. There are several techniques to obtain graphene. The first technique is to mechanically exfoliate graphene using an adhesive tape to peel thin flakes from bulk graphite. 69 Then, the tape with graphite film is adhered to an SiO 2 /Si substrate. After removing the tape, graphene is found on the substrate. The method is suitable for obtaining high-quality graphene. Some groups developed chemical and biological sensors based on graphene FETs using the mechanical exfoliation technique ( Figure 7A ). 29, 37, 70, 71 However, it is impossible to control the size or location of the graphene. For simple mass production of graphene, chemical reduction of graphene oxide was developed. 72 Graphene oxide is chemically exfoliated from bulk graphite under strongly acidic conditions. Mohanty and Berry 73 fabricated a single bacterium resolution interfacial device based on chemically modified graphene. Mao et al 74 specifically detected IgG using a reduced graphene oxide sheet ( Figure 7B ). Another technique is to eliminate Si atoms from the surface of single crystal SiC substrates heated at above 1,200°C in an ultrahigh vacuum. 75, 76 Ang et al 77 demonstrated pH sensors based on epitaxial graphene. Recently, CVD on metal substrates has been intensively investigated as an attractive method to synthesize graphene. 78, 79 Nickel (Ni) and copper (Cu) are commonly used as metal substrates. For growth on Ni substrates, graphene is synthesized at cooling stages. 80 On the other hand, graphene grows on Cu substrates by surface adsorption of carbon atoms. 81 For electronic applications such as sensors, existing graphene layer grown using CVD needs a transfer process from a metal substrate to insulating substrates. Recently, transfer processes using various different methods have been performed. Some groups fabricated chemical and Nanobiosensors in Disease Diagnosis downloaded from https://www.dovepress.com/ by 54.70.40.11 on 22-Dec-2018 For personal use only.
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Electrical double layers in the development of label-free biosensors biological sensors using CVD-graphene FETs ( Figure 7C ). [82] [83] [84] Park et al 85 demonstrated multiplexed pH sensing using monolithic FETs based on CVD graphene.
Conclusion
In this review we provide an introduction to label-free biosensors based on nanomaterial transistors using Si nanowires, CNTs, and graphene. The nanomaterial transistors can detect tiny charges of target molecules, as binding events between receptors and target molecules induce accumulation or depletion of carriers for entire regions of the nanomaterials. The concentration of buffer solution is the indispensable factor for FET-based biosensors, and the Debye length significantly affects the sensitivity of the sensors. Thus, reports were introduced that a buffer solution with low concentration was used to increase the Debye length, and that small receptors such as aptamer and Fab were utilized to obtain high sensitivity.
Label-free biosensors based on nanomaterial transistors are still developing and are necessary to overcome several difficulties for commercialization, such as reliability, reproducibility, and mass production methods for the biosensors. We believe that label-free nanomaterial-based biosensors are a promising candidate for the development of hand-held multiplex biosensors in a home medical care system.
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